[1] Activity at Pacaya volcano, Guatemala is characterized by persistent degassing, coupled at times with lava effusion and/or coincident Strombolian-style explosions. We used 0.25 Hz sample rate sulfur dioxide emission data from a UV camera and coincident infrasound recordings to investigate the link between varied emission rates and infrasound events. Degassing rates varied on two scales during this study; smaller, more rapid variations on the scale of 1 to 3 minutes are superimposed on larger, slower changes over 30 minutes to 1 hour. The acoustic record was dominated by repeated N-shaped events characteristic of Strombolian explosions. Because of the high-resolution of the gas measurements, we were able to calculate gas masses for individual explosions from both datasets and find the two estimates agree within an order of magnitude. The infrasound explosion records correlate with small pulses in degassing, but the longer-term degassing trends may represent a deeper process. Citation: Dalton, M. P., G. P. Waite, I. M. Watson, and P. A. Nadeau (2010), Multiparameter quantification of gas release during weak Strombolian eruptions at Pacaya Volcano, Guatemala, Geophys. Res. Lett., 37, L09303,
Introduction
[2] Pacaya volcano is located on the southern rim of the Pleistocene Amatitlán caldera, about 30 km south of Guatemala City, and stands at 2552 m above sea level [Bardintzeff and Deniel, 1992; Conway et al., 1992] . The Pacaya complex consists of an ancestral andesitic stratovolcano that is extensively eroded, the initial modern cone composed of lava flows and tephra, andesitic-dacitic lava domes, and the historic Pacaya basaltic volcano [Bardintzeff and Deniel, 1992; Conway et al., 1992] . The current eruption, which began in 1965, consists of Strombolian events from the summit with intermittent lava flow extrusion on the flanks of the MacKenney cone (∼300 m below the summit) [Rodriguez et al., 2004; Matias Gomez, 2010] and persistent degassing [Andres and Kasgnoc, 1998 ]. Larger explosive eruptions that often partially destroy the summit cone have interrupted these smaller events [Siebert and Simkin, 2002] . Pacaya is potentially hazardous due to its high level of activity and unstable structure, but few studies have investigated the conduit processes behind the various style of activity.
[3] Strombolian activity is theorized to be the bursting of gas bubbles near the magma surface, and explosions should thus be evidenced in the gas emission record. These bubble-burst events are represented in acoustic recordings by N-shaped waves characteristic of monopole point sources [Blackstock, 2000; Rowe et al., 2000] . Previous studies have developed a method for calculating gas mass from bubbleburst infrasound waveforms [Firstov and Kravchenko, 1996; Rowe et al., 2000; Johnson et al., 2004] . However, this methodology has yet to be validated by an independent mass calculation. To confirm the viability of calculating bubble masses from infrasound recordings and to gauge how significant this Strombolian mechanism is in the overall persistent degassing budget, rapid measurements of plume emission rates are required. The development of imaging systems that detect absorption of UV light by SO 2 [Mori and Burton, 2006; Bluth et al., 2007] allows for gas emission rate data with the high temporal resolution required for this study, and previous experiments have demonstrated the utility of the UV camera for determining individual explosion gas masses [Mori and Burton, 2009] .
Methods

UV Camera Observations
[4] UV camera measurements were taken 2.9 km southwest of the summit. We collected images using a 10 nm fullwidth, half-max filter centered at 307 nm to selectively retrieve light intensity at wavelengths sensitive to absorption by SO 2 . To process the images, the absorbance due to SO 2 was calculated by taking the negative logarithm of the light intensity in the plume divided by the light intensity outside of the plume (background sky) [Bluth et al., 2007] . We then calculated the pathlength concentration by scaling the absorbance values of each image with calibration curves determined from in situ calibration cell response images [Dalton et al., 2009] . The pathlength concentrations were sampled over a cross-section of the plume just above the crater, and summed into an integrated column amount (ppm m 2 ). The plume speed was determined by calculating the movement of plume features between subsequent images, and this was used to calculate an SO 2 emission rate. A distance correction was applied using the method of Bluth et al. [2007] and an empirical scaling value determined by Bouquet [2007] , which used observations of multiple horizons to calculate an atmospheric attenuation curve. In order to extrapolate a total gas emission rate, an estimate of 1.7% SO 2 mass fraction was employed, based on values determined for quiescent degassing at Stromboli [Burton et al., 2007] . Gas composition data are not available for Pacaya, but the relatively similar magmatic composition lead us to employ Strombolian gas fractions as analogous.
Infrasound Observations
[5] To record infrasonic signals of volcanic activity, we installed five microphones from the northeast to northwest, and at distances ranging from 0.9 to 1.1 km from the summit (Figure 1 ). Incidences of Strombolian explosions, evidenced by N-shaped acoustic signals, were selected visually, and statistical information was gathered (event amplitude, duration, maximum frequency) to ensure all events were similar in character. For each explosion, the excess pressure traces from all five microphones were time-shifted assuming a constant acoustic velocity of 330 m/s and a source at the summit, scaled to a common 1 km distance from the source, and stacked. By averaging the waveforms from all five stations, we reduced effects of source directionality, individual station responses and background noise. The positive correlation for all events after time-shifting ensures the events all share a common source location. The resulting stacked trace was filtered from 0.25 to 49 Hz for subsequent analyses.
Methods of Comparison
[6] The infrasonic record was evaluated for correlation to the UV camera gas emission rate data in several ways: by cross-correlation of simple occurrence rate ( Figure 2a ) and cumulative SO 2 emission rate to the cumulative acoustic event amplitude (Figure 2b) , and by extrapolating a causal gas mass for individual explosive events from the record of each observational method. To extract a gas mass responsible for each bubble-burst event recorded via infrasound, the method of Firstov and Kravchenko [1996] and Johnson et al. [2004] was employed. The gas emission rate q(t) is calculated by integrating the temporal variation in excess pressure, q(t) = 2pr R p(t+r/c)dt, where p is the excess pressure recorded at time t, traveling at the speed of sound c, to a distance r from the source. This emission rate is integrated to produce a cumulative gas mass associated with a single explosion (Figures 3b-3d ). An equivalent integration was performed on discrete pulses (a few minutes in duration) in the UV camerarecorded gas emission rate to derive comparable gas masses.
Results
[7] During this field campaign, visible observations of Pacaya indicated persistent degassing. The SO 2 emissions recorded with the UV camera during the two hour period of observation on January 9 reveal changes in emission rate at multiple time scales: rapid changes on the order of 1 to 3 minutes, and larger, longer variations over the course of 30 minutes to 1 hour (Figure 2 ). During this period (∼8:15 AM-10:15 AM local time) the maximum SO 2 emission rate recorded (after corrections for light scattering with distance) was 2.1 kg/s. Using an SO 2 fraction of 1.7%, we estimate a maximum total gas emission rate of 125 kg/s. The UV camera recorded a constant plume and gas emissions appear to sustain a steady background emission rate; during this time period low level SO 2 emission rates recorded by UV camera were calculated to be 0.15 to 0.44 kg/s.
[8] During the same two-hour period, 115 Stromboliantype explosions were identified in the infrasound record, but were not visible from the UV camera observation site. All infrasound explosions were small, with peak amplitudes from 0.17 to 2.61 Pa at 1 km.
[9] Comparisons of the number and amplitude of explosion events recorded acoustically and the UV camera-derived SO 2 emission rate for the entire period do not suggest a high correlation (Figure 2) . Periods of frequent explosions are not always coincident with increased SO 2 emissions, and the explosions of similar amplitudes do not consistently indicate a corresponding level of gas emission. The onsets of periods of high gas emission are not repeatedly coupled with either a change in frequency or magnitude of explosions. However, cross-correlation of subset periods with low gas emission rates (∼8:15-9:00) do show a higher correlation (0.75 with a lag of 0 min.), while subset periods of higher gas emission rate change (∼9:00-10:20) are less well correlated (0.5-0.6) at lags from 2 to 3 minutes.
[10] To compare individual event gas masses calculated by infrasound and UV camera methods, the individual datasets were first culled to exclude anomalous events. The acoustic records of individual explosions showed occasional complexities in the N-shaped signals, such as overlapping events, signals with small inceptive shoulders, or events with anomalously broad peaks. In some cases, the rarefaction phase was much larger than the initial compression phase indicating monopole point source was not an appropriate approximation. By using only events with clear impulsive onsets and complete rarefaction components, we determined the "bubble" sizes for these events indicate gas masses on the order of 12 to 962 kg. Corresponding discrete pulses (1 to 3 minute segments) in the UV camera data were used to estimate total gas masses of 170 to 1674 kg. UV camera pulse gas masses were compared to gas masses determined from the infrasound, where infrasonic events within 1 minute of the start of a UV camera data pulse were considered (i.e., Figure 3a ). This onset lag between datasets (<1 minute) is reasonable given a plume speed of 2 to 3 m/s and distance from magma surface to UV camera observation cross-section of less than 120 to 180 m. In cases where closely spaced acoustic explosions could not be resolved into individual pulses in the UV camera record, gas masses calculated from the acoustic record were summed. Using these criteria, 15 comparable events were identified in the infrasound and UV camera records. The correlation between the independent gas mass calculations is described in Figure 4 .
Discussion
[11] Our results demonstrate that comparisons of infrasonic explosion events and remotely sensed degassing rates from the entire period do not correlate well in general (Figure 2 ), but that there is a higher correlation for smaller subset periods. By extracting equivalent measurements, such as individual degassing pulse masses, the separate records are appropriately scaled and a better comparison can be made. The correlation between the UV camera-derived and acoustically calculated gas masses determined for 15 coincident events fits a linear regression with a R 2 of 0.7 (Figure 4 ), suggesting that a gas-driven mechanism, such as small Strombolian explosions, can explain the N-shaped acoustic signals recorded at Pacaya.
[12] Evaluation of these data indicates that small bubbleburst events are frequent and observable by infrasound at Pacaya volcano. However, this mechanism does not appear responsible for large, long-period changes in the degassing rate. It is likely that a slower and perhaps deeper (and therefore not manifested in surficial activity recorded acoustically) magmatic process is represented by the longer duration changes in degassing. One mechanism could be magmatic overturn in the shallow conduit, but further study is needed to allow informed interpretation.
[13] The events we recorded simultaneously with infrasound and the UV camera permit a joint interpretation of the mechanisms involved in degassing at Pacaya. However, several factors limited the number of comparable degassing pulses in these data. In some cases, the close spacing of acoustic explosions led to overlapping waveforms, which prevented an accurate estimate of gas mass flux. Some events recorded via infrasound were not measureable by UV camera due to inopportune cloud interference or pauses in image recording.
[14] A distinct difference between the two observational datasets is the duration of degassing pulse evidence; the records of explosive events in the infrasound last up to a few seconds, while the puffs observed by the UV camera may span a minute or more (Figure 3a) . This prolonged pulse duration in the UV camera record may be evidence of atmospheric mixing and dilution immediately above the vent.
[15] There are several potential sources of error in both the UV camera and infrasound calculated gas masses. The method for calculating gas mass from acoustic explosion requires an assumption of a perfectly half-spherical propagation of the explosion pressure waves and an accurate distance from the microphone to the source. In addition, to retrieve a precise gas emission rate and corresponding gas mass the explosion waveform should be pristine, whereas the waveforms recorded at Pacaya include some overlapping explosions and signals with noise interference. The UV camera data contain errors associated with the accurate retrieval of SO 2 in the plume, variations in wind speed, the correction for signal attenuation with distance, and the estimation of SO 2 gas fraction of the total plume. Emissions unrelated to infrasound-generating bubble bursts could inflate UV camera-derived mass estimates. Analysis by FTIR could determine an accurate value for SO 2 fraction in the Pacaya plume. If only the error due to uncertainty in the gas fraction of SO 2 is considered, an alternate gas fraction of +/−0.6% (the variation in explosive and quiescent degassing observed at Stomboli [Burton et al., 2007] ) would yield a 100 kg/s variation in the maximum UV camera-derived degassing rate.
[16] Despite these opportunities for error, there is strong agreement between the gas masses calculated using the UV camera and infrasonic methods. These data allow us to compare both techniques for quantifying gas emissions, and testify to the potential for this type of study. Parallel studies of this nature can provide otherwise unattainable insight into degassing mechanisms.
Conclusions
[17] By combining independent estimates of gas masses during discrete events, we demonstrate the validity of both the acoustic method of excess pressure integration and the UV camera technique for retrieving discrete degassing event gas masses. The comparison between high-resolution SO 2 measurements and infrasound records supports the theory that the dominant acoustic signal recorded at Pacaya during this campaign is created by Strombolian bubble-burst events. These explosions are small and responsible for variations in the total degassing rate in the range of 10 to 20 kg/s. Correlated studies of this nature can provide insight into volcanic degassing mechanisms, and in this case, suggest that another mechanism is involved in larger variations in magmatic Figure 3 . Example of a comparison between UV camera and infrasound gas masses. (a) illustrates a subset of the UV camera-derived total gas emission rate (circles), and explosions recorded by microphone (squares). The vertical bars represent the maximum amplitude (Pa) recorded for each explosion signal. This example demonstrates the possible delay between acoustic event and evidence of degassing in the UV camera data, and the close temporal spacing between explosions. In this case, the total gas mass associated with the first pulse in the UV camera data (open circles) is 338 kg, and the mass for the second pulse (closed circles) is 896 kg. The gas mass calculated from the first acoustic event is 319 kg, and the two events combined produce a gas estimate of 536 kg. The three bottom graphs illustrate the method for calculating the gas mass from infrasound; the first acoustic event from Figure 3a is shown. (b) Infrasound trace (excess pressure at 1 km from the summit), (c) mass emission rate (kg/s), and (d) cumulative gas mass (kg).
degassing manifested at the crater of Pacaya. Further investigation in this area would be aided by studies resolving the SO 2 mass fraction in the total gas plume and the details of infrasonic signal source mechanism at Pacaya. Figure 4 . The correlation of gas mass estimates from the UV camera and infrasound methods is described. There were fifteen periods with overlapping datasets and good quality data on January 9. Trend lines are: a best-fit line (solid line, y = 0.6362x + 89.036, R 2 = 0.71598), a best-fit line through the origin (dashed line, y = 0.7389x, R 2 = 0.69012), and a one-to-one line (dotted).
